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Magneto-resistance and superparamagnetism in magnetite
ﬁlms on MgO and MgAl2O4
W. Eerenstein*, L. Kalev, L. Niesen, T.T.M. Palstra, T. Hibma
Department of Chemical Physics, Materials Science Centre, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
Abstract
The present study is a comparison of the resistive and magnetic properties of ultrathin epitaxial Fe3O4 ﬁlms grown on
MgO(0 0 1) and MgAl2O4(0 0 1). Such ﬁlms on MgO are known to contain anti-phase boundaries, which cause
magneto-resistance in these ﬁlms, an increased resistivity with respect to the bulk and superparamagnetic behaviour for
ﬁlms below 5nm thickness. Ultrathin ﬁlms on MgAl2O4 show a very similar behaviour as the resistivity is also increased
with respect to the bulk, but is still lower than the resistivity of ﬁlms grown on MgO. This indicates a larger domain size
in the ﬁlms grown on MgAl2O4. This is supported by the observed magneto-resistance that is larger than for ﬁlms
grown on MgO. M .ossbauer spectroscopy analysis of a 1.7 nm thick ﬁlm on MgO indicates that all magnetic moments in
the ﬁlm are ﬂuctuating, whereas for the ﬁlm on MgAl2O4 a sextet with a parabolic background is observed. This shows
that some domains are small enough for the moment to ﬂuctuate while in larger ones, the moments are ﬁxed; this also
indicates that the domains in the ﬁlm on MgAl2O4 are larger than in the ﬁlm grown on MgO.
r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction and experimental
Magnetite, Fe3O4, is an extensively studied material
because of several interesting properties. It is a ferri-
magnet with a high Curie temperature of 858K and
electronically conducting with highly spin-polarized
conduction electrons. Consequently, it is an interesting
candidate for magnetic recording media or spin-valve
applications.
Epitaxial thin ﬁlms of Fe3O4 on MgO show magneto-
resistance (MR) in contrast to bulk single crystals [1].
Several studies have shown that the Fe3O4 ﬁlms contain
anti-phase boundaries (APBs) [2,3], that result from the
fact that Fe3O4 has a different symmetry than MgO and
the lattice constant of Fe3O4 (a ¼ 8:397 (A) is twice as
large as the lattice constant of MgO (a ¼ 4:212 (A).
When depositing Fe3O4 on MgO, neighbouring growth
islands may be rotated or shifted with respect to each
other, resulting in anti-phase boundaries. The magnetic
coupling over a large fraction of these boundaries is
anti-ferromagnetic. The anti-ferromagnetic APBs thus
act as a barrier for the spin-polarized conduction
electrons. Upon application of a magnetic ﬁeld, the
orientation of the spins at the boundary can be changed
and the resistance decreases. This is why epitaxial ﬁlms
show MR and single crystals do not. The presence of
the anti-phase boundaries is also the reason why the
resistivity of the ﬁlms is enhanced with respect to
the bulk resistivity. The Verwey transition of these ﬁlms
is broadened and occurs at a lower temperature than for
the bulk (Tv bulkB120K) and for very thin ﬁlms, it is
not present at all [4]. Ultrathin ﬁlms below 5 nm also
show superparamagnetic behaviour [5]. In these ultra-
thin ﬁlms, the volume of the domains becomes small
enough for the magnetization of the domains to
ﬂuctuate on the timescale of the measurement (108 s).
In order to obtain Fe3O4 ﬁlms with less anti-phase
boundaries, we have also grown epitaxial Fe3O4 ﬁlms on
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MgAl2O4. Both the substrate and the epitaxial ﬁlm
exhibit the spinel type structure and symmetry and
the lattice constant of MgAl2O4 is 8.08 (A. Because of
the similar crystal structure and lattice constants, the
formation of APBs is not expected, but APBs in these
ﬁlms have been observed [6].
We have studied the resitivities and the MR behaviour
of Fe3O4 ﬁlms grown on MgO and on MgAl2O4. The
Fe3O4 ﬁlms have been grown on polished MgO(0 0 1)
and MgAl2O4(0 0 1) substrates by molecular beam
epitaxy (MBE) in an ultra high vacuum system with a
base pressure of 1010mbar. During growth, an iron ﬂux
of 1.2 (A/min and an oxygen pressure of 106mbar were
applied at a substrate temperature of 523K. The
resistivity and MR measurements were performed in a
commercial PPMS system (Quantum design). The
current was measured in the four-point geometry along
the [1 0 0] direction of the ﬁlm. The magnetic ﬁeld, up to
5T, was applied both parallel and perpendicular to the
ﬁlm plane. To determine whether ultrathin Fe3O4 ﬁlms
on MgAl2O4 also show superparamagnetic behaviour,
1.7, 3.2 and 5 nm thick ﬁlms have been grown with 57Fe
and studied at 300K with conversion electron
M .ossbauer spectroscopy (CEMS).
2. Results/discussion
Fig. 1 shows the room temperature MR behaviour for
12 nm thick ﬁlms on MgO and MgAl2O4, with the
magnetic ﬁeld applied perpendicular (Fig. 1a) and
parallel to the ﬁlm plane (Fig. 1b). The MR behaviour
of Fe3O4 ﬁlms grown on MgO has been explained [7,8].
For perpendicular applied ﬁelds below the anisotropy
ﬁeld, Han; a quadratic ﬁeld dependence is obtained and






MR ¼ C1H þ D: ð1bÞ
A quadratic ﬁeld dependence has also been obtained
for the ﬁlm on MgAl2O4, but for low ﬁelds the MR
effect is slightly lower. This would mean a higher out of
plane anisotropy ﬁeld according to Eq. (1a). The out of
plane resonance ﬁeld as obtained from ferromagnetic
resonance is indeed higher for Fe3O4 ﬁlms on MgAl2O4
than for the ﬁlms on MgO [9,10], indicating a higher
anisotropy ﬁeld.
For ﬁelds above the anisotropy ﬁeld, a linear ﬁeld
dependence is expected (Eq. (1b)). The ﬁlm on MgAl2O4
has a much more linear ﬁeld dependence than the ﬁlm
on MgO with a larger slope. In this ﬁeld region, the MR
effect is larger for the ﬁlms grown on MgAl2O4 than on
MgO. This also happens for a parallel applied ﬁeld, in
which case the MR is expected to have a linear ﬁeld
dependence [7,8]. The MR curve for the ﬁlm on
MgAl2O4 is more linear and the slope is larger than
for the ﬁlm on MgO.
The resistivity versus 1=T of 6, 12, 30 and 50 nm thick
Fe3O4 ﬁlms on MgAl2O4 is shown in Fig. 2a. There are
similar trends as for the ﬁlms grown on MgO [4]. The
resistivity depends on the ﬁlm thickness and increases
with decreasing ﬁlm thickness. Only the thickest ﬁlm
(50 nm) shows a clear Verwey transition around 107K,
which is lowered with respect to the bulk value of 120K.
The resistivity of the 6 nm thick ﬁlm on MgAl2O4 has
been compared to the resistivity of the 6 nm thick ﬁlm
grown on MgO in Fig. 2b. The resistivity of the ﬁlm
grown on MgAl2O4 is about 1 order of magnitude lower
than that for the ﬁlm grown on MgO. The fact that both
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Fig. 1. MR at 300K of 12 nm thick Fe3O4 ﬁlms on MgO (—)
and MgAl2O4 for magnetic ﬁelds up to 5T applied (a)
perpendicular to the ﬁlm and (b) parallel to the ﬁlm.
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Fig. 2. (a) Resistivity versus 1=T of 6, 12, 30 and 50 nm thick
Fe3O4 ﬁlms on MgAl2O4. Only the 50 nm thick ﬁlms show a
clear Verwey transition around 107K. (b) Resistivity of 6 nm
thick Fe3O4 ﬁlms on MgO (—) and MgAl2O4.
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ﬁlms show MR and have similar behaviour for the
resistivity, implies that the ﬁlms grown on MgAl2O4 also
contain anti-phase boundaries.
M .ossbauer spectra of 5, 3.2 and 1.7 nm thick ﬁlms on
MgO and MgAl2O4 are shown in Fig. 3a–c, respectively.
For ﬁlms grown on MgO, it was already known that the
spectra of the 1.7 nm thick ﬁlm show motional narrow-
ing, indicating a complete superparamagnetic behaviour
[5]. As the ﬁlm thickness increases to 3.2 nm, the sextet
structure that is normally observed for bulk Fe3O4
begins to appear, with a parabolic background due to
some of the smallest domains still being superparamag-
netic. For the 5 nm thick ﬁlm, the background has
almost vanished and the spectrum is like bulk Fe3O4.
The 1.7 nm thick ﬁlm on MgAl2O4 still has a sextet
component, but the parabolic background indicates a
large degree of super-paramagnetism. The spectrum is
very similar to that of the 3.2 nm thick ﬁlm on MgO
(Fig. 3b and c); it is therefore estimated that the domain
size for the ﬁlm on MgAl2O4 is about twice as large as
for the ﬁlm on MgO. Relaxation of the M .ossbauer
spectra due to ﬂuctuating spins at the interface was ruled
out by depth-selective probe layers [5], where probe
layers at the MgO/Fe3O4 interface yielded exactly the
same spectra as probe layers in the centre of the Fe3O4
layer.
From a structural point of view, it was not expected
that Fe3O4 ﬁlms on MgAl2O4 consist of domains
separated by anti-phase boundaries, because both
compounds have the spinel-type structure. However, if
the only restriction for the growth of the epitaxial ﬁlm is
the continuation of the oxygen sublattice, the formation
of APBs is indeed possible on MgAl2O4 substrates. The
Fe3O4 can then nucleate at 7 non-equivalent sites on the
MgAl2O4 substrate. Kleint et al. [6] have indeed
observed anti-phase boundaries in Fe3O4 ﬁlms grown
on MgO and MgAl2O4, but do not mention whether
there is a difference in domain size for the two different
substrates. Another factor that has to be taken into
account is the misﬁt. Due to the misﬁt of almost 4%
between Fe3O4 and MgAl2O4, the epitaxial ﬁlms above
the critical thickness will be relaxed generating inter-
facial misﬁt dislocations, which can lead to stacking
faults.
To conclude, ultrathin magnetite ﬁlms have been
deposited on MgO and MgAl2O4 substrates. Films on
both substrates show MR. The resistivity of the ﬁlms on
MgAl2O4 increases with decreasing ﬁlm thickness and
only the thickest ﬁlm (50 nm) shows a clear Verwey
transition lowered with respect to the bulk value. This is
similar to the resistivity behaviour of ﬁlms grown on
MgO. The resistivity of the ﬁlms on MgAl2O4 is,
however, about 1 order of magnitude lower than that
for the ﬁlms on MgO, indicating a larger domain size.
M .ossbauer spectra of a 1.7 nm thick ﬁlm on MgO show
complete relaxation indicating that the magnetization of
all domains is ﬂuctuating, whereas the spectra for the
ﬁlm on MgAl2O4 show a sextet with a parabolic
background. Therefore, the magnetic moment of small
domains is able to ﬂuctuate, while the larger domains
have a ﬁxed moment, also indicating a larger domain
size for the ﬁlms on MgAl2O4.
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